Droughts reduce freshwater availability and have negative environmental, economic, and social impacts. In estuaries, the dynamics between the saltwater and the freshwater can be affected during droughts, which can impact several natural resources and economic sectors negatively. The Tagus estuary is one of the largest estuaries in Europe and supports diverse uses and activities that can be affected by the saltwater intrusion (e.g., agriculture). This study assesses the saltwater intrusion in the upper reaches of the Tagus estuary using a process-based model to explore different scenarios of freshwater discharge and sea level rise. For the river discharge and mean sea level rise scenarios analyzed, salinity can reach concentrations that are inadequate for irrigation when the mean Tagus river discharge is similar or lower than the ones observed during recent droughts (22-44 m 3 /s). Lower river discharges aggravate the consequences. Results also show that the salinity increases with the duration of the droughts. In contrast, the impact of a moderate sea level rise on salinity intrusion is modest when compared with the impact of low river discharges. These findings contribute to support the management of the agricultural activities in the upper Tagus estuary and the water resources in the Tagus river basin.
management of reservoirs during a drought can help mitigate critical estuarine freshwater inflow problems [10] .
The estuarine dynamics and its susceptibility to droughts can be assessed using numerical models, contributing to the definition of management measures. Models have been widely used to study the salinity dynamics in estuaries and their response to climatic forcings (e.g., [12] [13] [14] [15] ).
This study uses a numerical model to assess the saltwater intrusion in the Tagus estuary (Portugal, Figure 1 ). The Tagus estuary is located in the transnational Tagus River basin (Spain-Portugal). The hydrological regime of the Tagus River is heavily modified by several large dams built in the river and its tributaries. The anthropogenic changes in the Spanish part of basin reduced the daily average flow by about 27% at the Portuguese-Spanish border [16] . Several competing water uses occur along the watershed (hydropower generation, public water supply, and irrigation). Thus, the water resources management in the Tagus river basin is both challenging and a requirement, in particular, to guarantee the water availability downstream. The estuary itself supports diverse uses and activities (e.g., urban, industrial/harbors, agriculture, and shellfish harvesting) and its ecological and natural values are well recognized. The western and northern margins of the estuary are intensively occupied by densely urbanized areas, while productive agricultural areas occupy the eastern side [17] . The combined effect of tides and river flow is the main driver of the salinity intrusion in the Tagus estuary [18] . A reduction of the freshwater discharge entering the Tagus estuary may increase the landward intrusion of saltwater and impact some of the uses and activities in the upper estuary negatively, such as agriculture and public water supply. A particular example is the Lezíria Grande de Vila Franca de Xira Public Irrigation Perimeter (Lezíria Grande PIP, Figure  1 ). The Lezíria Grande PIP is located in low elevation terrains and is surrounded by protection dikes. The main water supply of this irrigated area is located close to the limit of the salinity intrusion in the Tagus estuary. During the most recent droughts (2005 and 2012), the agricultural activities in this area were affected and several emergency measures were undertaken to minimize the negative impacts of the droughts [19] . Moreover, sea level rise can aggravate the salinity intrusion (e.g., [20] ). A process-based model was previously implemented, calibrated and validated in the Tagus estuary [18] using the community model SCHISM [21] . That model is used herein to explore different scenarios of freshwater discharge and sea level rise and assess the saltwater intrusion in the upper reaches of the estuary. Some studies addressed the salinity dynamics in the Tagus estuary, but the present knowledge of the salinity dynamics in the upper estuary remains limited. Most of the recent studies focused in the middle and downstream area of the estuary [18, 22, 23] and past studies of the A process-based model was previously implemented, calibrated and validated in the Tagus estuary [18] using the community model SCHISM [21] . That model is used herein to explore different scenarios of freshwater discharge and sea level rise and assess the saltwater intrusion in the upper reaches of the estuary. Some studies addressed the salinity dynamics in the Tagus estuary, but the present knowledge of the salinity dynamics in the upper estuary remains limited. Most of the recent studies focused in the middle and downstream area of the estuary [18, 22, 23] and past studies of the upper estuary [24] did not take advantage of cross-scale simulation models, such as the one used herein. The previous implementation of SCHISM [18] is thus extended and applied herein to provide a better understanding of the salinity dynamics and its drivers in the upper Tagus estuary, in particular during droughts. This knowledge can support the definition of management and adaptation measures during droughts and help the end-users coping with future changes. The paper is organized in three sections besides the present introduction. Section 2 describes the methodology used, including the setup of the numerical model and the scenarios simulated. The results and discussion are presented in Section 3. Section 4 summarizes the main conclusions.
Materials and Methods

Study Area
The Tagus estuary has an area of about 320 km 2 and connects to the Atlantic Ocean through a deep, long and narrow inlet ( Figure 1 ). The mid estuary is characterized by a shallow inner basin with extensive tidal flats and marshes that narrows about 40 km upstream of the inlet (Figure 1 ). The intertidal area represents about 43% of the total estuarine surface [25] .
Tides are the main driver of the circulation in the Tagus estuary. Tides are semi-diurnal with tidal ranges at the coast varying between 0.55 m and 3.86 m [26] . This range is significantly amplified within the estuary due to resonance effects [27, 28] .
Other drivers, such as river flow, wind, atmospheric pressure, and surface waves, may also influence the circulation within the estuary during storms [29] . Downstream, the water levels are mainly controlled by tides and storm surges. In the upper estuary (farther than 40 km upstream of the mouth), river discharge may significantly influence water levels. The main affluent of the Tagus estuary is the Tagus River, with a mean river discharge of 336 m 3 /s [30] . Two other rivers, the Sorraia River (about 5% of the Tagus river discharge, [31] ) and the Trancão River, also contribute to the freshwater inflow to the estuary. The estuary is often considered well-mixed, but stratification can occur for high river flows and low tidal ranges [18, 32] .
Model Application
Model Setup
The dynamics of the Tagus estuary was simulated with the community model SCHISM [21] in three-dimensional baroclinic mode. This community model evolved from SELFE [33] and aims at the cross-scale simulation of surface water processes from the river to the ocean [34] . SCHISM is fully parallelized. The model uses semi-implicit finite element and finite volume methods, combined with Eulerian-Lagrangian methods, to solve the shallow water equations. SCHISM is based on unstructured grids in the horizontal dimension and uses hybrid SZ coordinates or LSC2 (Localized Sigma Coordinates with Shaved Cell [35] ) in the vertical dimension. SCHISM and its predecessor SELFE have been extensively used to simulate the three-dimensional estuarine circulation and salinity gradients and, thus, the processes relevant to the present application (e.g., [13, 34, 36, 37] ). The use of unstructured grids is also advantageous in the present application, in particular the in upstream area, as it allows a better representation of the marginal structures (e.g., protection dikes of the Lezíria Grande PIP, Figure 1 ).
To accurately represent all the relevant physical processes, the model domain includes the whole estuary, from the river to the ocean ( Figure 2 ). The horizontal grid has about 83,000 nodes and a typical resolution of 15-25 m in the inner channels and 1-2 km in the coastal boundary. The vertical domain is discretized with a hybrid grid with 39 levels (30 S levels in the upper 100 m, and 9 Z levels between 100 m and the maximum depth). The numerical model is forced by: Tides at the ocean boundary, river flows at the riverine boundaries (Tagus and Sorraia) and atmospheric data at the surface. The time step is set to 30 s. Further details regarding the model setup can be found in [18] . The model has been previously calibrated and extensively validated in the Tagus estuary and the results showed its ability to represent the circulation and salinity patterns [18] . In Vila Franca de Xira (the station located farther upstream where data were available; see Figure 1 for location) salinity errors were about 2 psu and the model skill was about 0.9 for a period of low to average river flows [18] . (the station located farther upstream where data were available; see Figure 1 for location) salinity errors were about 2 psu and the model skill was about 0.9 for a period of low to average river flows [18] . 
Model Validation for Droughts and Sensitivity Analyses
The previous validation of the salinity model was done for low to average and high river flow conditions [18] and did not extend until the limit of the upper estuary, which is the focus herein. Fortunately, data at the Conchoso station for drought conditions became available for July 2017, after the previous validation was carried out [18] . Thus, the validation of the salinity model for drought conditions was extended for July 2017.
Preliminary simulations were performed for July 2005 (period during which one of the worst recent droughts occurred) and a sensitivity analysis to the river flow was done. For this period, the river flow was estimated as 22 m 3 /s based on [38] . These simulations showed that the model results are very sensitive to the river flow, in particular in the upper estuary ( Figure 3 ). Thus, the accuracy of the model requires adequate estimates of the river flow. 
Preliminary simulations were performed for July 2005 (period during which one of the worst recent droughts occurred) and a sensitivity analysis to the river flow was done. For this period, the river flow was estimated as 22 m 3 /s based on [38] . These simulations showed that the model results are very sensitive to the river flow, in particular in the upper estuary ( Figure 3 ). Thus, the accuracy of the model requires adequate estimates of the river flow. (the station located farther upstream where data were available; see Figure 1 for location) salinity errors were about 2 psu and the model skill was about 0.9 for a period of low to average river flows [18] . 
Preliminary simulations were performed for July 2005 (period during which one of the worst recent droughts occurred) and a sensitivity analysis to the river flow was done. For this period, the river flow was estimated as 22 m 3 /s based on [38] . These simulations showed that the model results are very sensitive to the river flow, in particular in the upper estuary ( Figure 3 ). Thus, the accuracy of the model requires adequate estimates of the river flow. River flow data are usually available at the Almourol station (see Figure 1 for location). However, this dataset has failures and alternative datasets must be explored. Therefore, the accuracy of the river flow data was assessed. This assessment compared two datasets: i) the river flow data from the Almourol station ( Figure 1 ), upstream of the estuary, and ii) the sum of the outflow from the two dams that drain into the lower Tagus River-Castelo de Bode, located in the Zêzere, an affluent to the Tagus River and Belver, the dam in the Tagus River closest to the estuary (Figure 1 ). The comparison was restricted to the last decade (hydrological years 2008-2009 to 2016-2017). All these data are available at the Portuguese water resources information portal (http://snirh.pt).
Since there are no significant inflows or water abstractions between the two dams and the Almourol station, the time series were expected to be similar. However, the comparison between the two time series reveals significant differences ( Figure 4 ). The mean river flow is significantly smaller for the Almourol data than for the dams: 219 and 261 m 3 /s, respectively, considering only the days with data available for both time series. The discrepancy between the two time series was estimated as the difference between the Almourol and the dams data, scaled by the average of the two time series for each day. This discrepancy varies between −150% and 200%, and the mean of the absolute value of this discrepancy is 42%. Furthermore, the discrepancy is particularly significant for small river flows ( Figure 5 ), when salinity intrusion is highest. The discrepancy can be both positive and negative, which excludes a systematic error associated with a source or abstraction of water between Almourol and the dams. The error could be partly due to an inadequate extrapolation of the relationship between the river flow and the water level measurements at Almourol, which would explain the concentration of points along a well-defined function in Figure 5 . However, the spread around that function also suggests that there are other sources of errors. Hence, the accuracy of the river flow data is questionable.
of the river flow data was assessed. This assessment compared two datasets: i) the river flow data from the Almourol station ( Figure 1 ), upstream of the estuary, and ii) the sum of the outflow from the two dams that drain into the lower Tagus River-Castelo de Bode, located in the Zêzere, an affluent to the Tagus River and Belver, the dam in the Tagus River closest to the estuary (Figure 1 ). The comparison was restricted to the last decade (hydrological years 2008-2009 to 2016-2017). All these data are available at the Portuguese water resources information portal (http://snirh.pt).
Given the uncertainty on the river flow data, the July 2017 simulations were forced by two alternative input flows at the upstream boundary: data from Almourol and the sum of the outflows from the two dams. This assessment aimed to evaluate the influence of the alternative river flows on the model results. An additional potential source of model errors is the model bathymetry upstream of Vila Franca de Xira. Upstream of that point, only cross-sectional data of the river and estuary are available, with a longitudinal spacing of over 2 km. In previous model applications, these data have been used to generate a very simple model bathymetry using rectangular cross-sections with varying width and depth. Because this simplification can potentially affect the proper reproduction of tidal propagation and salinity intrusion, a sophisticated approach to transform the cross-sectional data into a 2D bathymetry was developed, loosely based on [39] (see Appendix A). This new approach was used to represent the bathymetry upstream of Vila Franca de Xira. To evaluate the influence of the bathymetry in the model results, the 2017 simulation was repeated using the new bathymetry.
Scenarios Setup
The simulated scenarios were selected in close collaboration with the end-users during several Given the uncertainty on the river flow data, the July 2017 simulations were forced by two alternative input flows at the upstream boundary: data from Almourol and the sum of the outflows from the two dams. This assessment aimed to evaluate the influence of the alternative river flows on the model results. An additional potential source of model errors is the model bathymetry upstream of Vila Franca de Xira. Upstream of that point, only cross-sectional data of the river and estuary are available, with a longitudinal spacing of over 2 km. In previous model applications, these data have been used to generate a very simple model bathymetry using rectangular cross-sections with varying width and depth. Because this simplification can potentially affect the proper reproduction of tidal propagation and salinity intrusion, a sophisticated approach to transform the cross-sectional data into a 2D bathymetry was developed, loosely based on [39] (see Appendix A). This new approach was used to represent the bathymetry upstream of Vila Franca de Xira. To evaluate the influence of the bathymetry in the model results, the 2017 simulation was repeated using the new bathymetry.
The simulated scenarios were selected in close collaboration with the end-users during several workshops (e.g., [40] ) and specific meetings. Five scenarios were considered for the Tagus river discharge. These scenarios were established for July. The summer season is the most critical during droughts and during past events the most severe situations for agricultural activities begun around this month. The river discharge scenarios were based on historical data, and took into account some of the water uses in the basin (e.g., hydropower generation) and the established agreements between Portugal and Spain regarding the water management in the Tagus River basin. Additionally, a mean sea level rise (SLR) scenario of 0.5 m was also considered at the oceanic boundary. To establish identical and realistic initial conditions for all the scenarios, a simulation was performed for the period between March 15 and June 30. The simulated scenarios were the following: In 2005, from mid-July onwards, the water supply to the Lezíria Grande PIP was made exclusively from the Risco River. In mid-August, the salinity at the Risco River was 1 psu (comparatively to typical values of 0.3 psu) and a temporary weir was built in the Sorraia River to route the freshwater available in this river. The adverse impacts of the 2005 drought were more severe for the farmers than in 2012: the drought itself was more severe and the farmers were less prepared to deal with these events. Because data at Almourol are unavailable for this period, the river flow was estimated based on [38] using data measured at Matrena and Tramagal (http://snirh.pt). . This river flow represents the minimum mean weekly flow that must be guaranteed between 1 July and 30 September near the upstream boundary of the Tagus estuary (Muge). However, the Convention considers the possibility of an exception during very dry years, and this weekly minimum value is not always achieved [41] . Also, the minimum weekly river flow at the Portuguese / Spanish border can be (and often is) achieved by discharging only a few hours per week [41] , to maximize electricity production. [42] . Considering that our starting point already incorporates the SLR until 2017, this scenario can be considered a high-end estimate.
The river flow at the Tagus River boundary was established as described above. In the Sorraia River, the river flow was taken as 5% of the river flow in the Tagus River, based on the ratios between annual averages in the two rivers, following an approach similar to the one used for the calibration and validation of the model [18] .
To allow the comparison between the river flow scenarios, the oceanic and atmospheric forcings were similar in all the simulations and aimed to be representative of average conditions.
To set up the tide, the tidal amplitudes at Cascais (near the coastal boundary of the model) were determined between 1991 and 2010 using the tides from the regional model of [43] . For each year, the mean and the standard deviation were computed for the period from April to October, covering the period during which the simulations are performed. The comparison of these values with their global mean and standard deviations indicates that the year 2001 is the most representative of average conditions ( Figure S1-Supplementary material) .
A similar approach was used to define the atmospheric forcing for the scenarios simulations. Because the atmospheric forcing has little influence on the salinity results [18] , a single set of representative atmospheric conditions was used for all simulations. This set of conditions was taken from decadal predictions of the climate evolution for 2018-2024 [44] . This dataset includes 10 realizations. Mean values of air temperature, atmospheric pressure and wind intensity for the summer-spring period (between March and July) were computed for each pair of realization and year between 2018 and 2024. The means were determined at two stations representative of the upper and the lower estuary (Vila Franca de Xira and Cascais, respectively). The realization with means closest to the global mean of the three variables was selected as representative conditions. Results indicate that for both stations the realization 3 for the year 2022 is the most representative of the average conditions ( Figure S2 -Supplementary material).
Results and Discussion
Sensitivity to the River Flow and Bathymetry
Results indicate that for both river flows datasets the model correctly reproduces the phase of the signal associated with the tide, but tends to overestimate the maximum salinity ( Figure 6 ). Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) are 0.4 psu and 0.3 psu, respectively, with the river flow data from Almourol. For this simulation, the maximum difference between the data and the model results at the peak salinity is about 2 psu. For the simulation using the data from Castelo de Bode and Belver dams, RMSE and MAE are, respectively, 2.8 psu and 2.2 psu and the maximum difference at the peak salinity is about 8 psu. The river flow data from Almourol (the closest station to the model boundary) provides, thus, the best model results. Results suggest that the use of the data from the Castelo de Bode and Belver dams to establish the river flow for the simulations is not a feasible alternative to the Almourol data. Results also show that the discrepancy between the two simulations with the different river flows largely exceeds the error between the best model result and the data. This behavior suggests that the uncertainty in the river flow data dominates the errors in the model results for the salinity. data and the model results at the peak salinity is about 2 psu. For the simulation using the data from Castelo de Bode and Belver dams, RMSE and MAE are, respectively, 2.8 psu and 2.2 psu and the maximum difference at the peak salinity is about 8 psu. The river flow data from Almourol (the closest station to the model boundary) provides, thus, the best model results. Results suggest that the use of the data from the Castelo de Bode and Belver dams to establish the river flow for the simulations is not a feasible alternative to the Almourol data. Results also show that the discrepancy between the two simulations with the different river flows largely exceeds the error between the best model result and the data. This behavior suggests that the uncertainty in the river flow data dominates the errors in the model results for the salinity. Figure 6 . Validation of the salinity model in the upper reaches of the estuary (Conchoso station) and for low river flow conditions. Two alternative input river flows were considered: measured at Almourol, and the sum of the outflow from the two dams that discharge into the lower Tagus River.
Regarding the upstream bathymetry, results show that the differences between the two simulations are minor (Figure 7) , with mean absolute difference smaller than 0.1 psu (range 0-0.7 psu). These results, together with the results discussed previously for the two alternative river flows, show that the river flow is the main source of uncertainty in the salinity model results in the upper Tagus estuary. Accurate estimations of the Tagus river flow are thus fundamental to ensure good model results. Figure 6 . Validation of the salinity model in the upper reaches of the estuary (Conchoso station) and for low river flow conditions. Two alternative input river flows were considered: measured at Almourol, and the sum of the outflow from the two dams that discharge into the lower Tagus River.
Regarding the upstream bathymetry, results show that the differences between the two simulations are minor (Figure 7) , with mean absolute difference smaller than 0.1 psu (range 0-0.7 psu). These results, together with the results discussed previously for the two alternative river flows, show that the river flow is the main source of uncertainty in the salinity model results in the upper Tagus estuary. Accurate estimations of the Tagus river flow are thus fundamental to ensure good model results.
with the river flow data from Almourol. For this simulation, the maximum difference between the data and the model results at the peak salinity is about 2 psu. For the simulation using the data from Castelo de Bode and Belver dams, RMSE and MAE are, respectively, 2.8 psu and 2.2 psu and the maximum difference at the peak salinity is about 8 psu. The river flow data from Almourol (the closest station to the model boundary) provides, thus, the best model results. Results suggest that the use of the data from the Castelo de Bode and Belver dams to establish the river flow for the simulations is not a feasible alternative to the Almourol data. Results also show that the discrepancy between the two simulations with the different river flows largely exceeds the error between the best model result and the data. This behavior suggests that the uncertainty in the river flow data dominates the errors in the model results for the salinity. Figure 6 . Validation of the salinity model in the upper reaches of the estuary (Conchoso station) and for low river flow conditions. Two alternative input river flows were considered: measured at Almourol, and the sum of the outflow from the two dams that discharge into the lower Tagus River.
Regarding the upstream bathymetry, results show that the differences between the two simulations are minor (Figure 7) , with mean absolute difference smaller than 0.1 psu (range 0-0.7 psu). These results, together with the results discussed previously for the two alternative river flows, show that the river flow is the main source of uncertainty in the salinity model results in the upper Tagus estuary. Accurate estimations of the Tagus river flow are thus fundamental to ensure good model results. Figure 7 . Influence of the upstream bathymetry in the salinity results at the Conchoso station: definition of the bathymetry upstream of Vila Franca de Xira using rectangular cross-sections with varying width and depth (Bat1) and a method derived from [40] (Bat2, see Appendix A for details).
Saltwater Intrusion Relative to River Discharge and Slr Scenarios
Time series of salinity were extracted from the model at four stations located in the upper Tagus estuary (Figure 1) : i) Vila Franca de Xira, ii) Conchoso, where the main water abstraction for irrigation is located, iii) Risco River, a possible alternative water abstraction for irrigation and iv) Valada, where a water abstraction for public water supply is located. The analysis of these time series (Figure 8 ) and the corresponding statistics ( Figure 9 ) provide detailed insight into the saltwater intrusion in the upper Tagus estuary under drought conditions. For climatological conditions (scenario 1-mean Tagus river flow of 132 m 3 /s), salinity does not reach the Conchoso, Risco River and Valada stations. This behavior is consistent with the empirical knowledge of the farmers and provides confidence in the model results.
For the recent drought (scenario 2-estimated mean Tagus river flow of 44 m 3 /s), salinity remains low at Valada and Risco River stations. At the Conchoso station, an increasing trend is observed and at high tide salinity can reach values that exceed the limit acceptable for irrigation (salinity less than 1 psu) by the end of the simulation. The estimated salinity is, however, lower than in scenario 3.
For the worst recent drought (scenario 3-estimated mean Tagus river flow of 22 m 3 /s), salinity remains relatively low at Conchoso for the first 15 days of simulation, with values ranging from 0 psu at low tide to about 2.5 psu at high tide. After this period, salinity increases and varies between Geosciences 2019, 9, 400 9 of 15 about 5 psu and 10 psu at this station. These values largely exceed the limit acceptable for irrigation. The exceedance of the salinity threshold acceptable for irrigation is consistent with testimonies from the farmers in the region regarding the 2005 and 2012 droughts [45] . In particular, the relative differences between the estimated peak salinity for these two simulations are of the same order of magnitude of those observed by the farmers in 2005 and 2012 (ABLGVFX, personal communication), providing further confidence in the model. At the Risco River, the salinity exhibits minimal tidal oscillations and the maximum salinity reaches about 5 psu for scenario 3. Salinity remains lower than 1 psu for the first 15 days of simulation at this station. For the same scenario, the maximum salinity at Valada reaches about 5 psu. This value is probably too high to use this water for public water supply. However, salinity only appears to be a problem at Valada for this scenario during high spring tides. During neap tides, the salinity remains very low, within acceptable limits for public water supply.
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In general, results show that the tidally-averaged salinities display a rising trend even after one month of simulations with constant river flows. This behavior shows that salinity intrusion in the upper estuary depends not only on the river flow alone but also on the duration of the droughts. SLR scenario analyzed can be considered a high-end estimate, no other scenarios of SLR were investigated.
In general, results show that the tidally-averaged salinities display a rising trend even after one month of simulations with constant river flows. This behavior shows that salinity intrusion in the upper estuary depends not only on the river flow alone but also on the duration of the droughts. For the minimum river flow agreed upon by the Portuguese and Spanish authorities for the July-September period (scenario 4-mean Tagus river flow of 16 m 3 /s), salinity also presents an increasing trend along the simulated period. At Conchoso, the minimum salinity exceeds 5 psu after 10 days of simulation and the maximum salinity reaches about 15 psu. These concentrations make the water inadequate for irrigation at Conchoso. At Risco River, for the last 15 days of simulation, the salinity is about the double of the salinity estimated for scenario 3. For scenario 4, salinity is also higher at Valada, with maximum values reaching about 7 psu and preventing the water abstraction during high tide. During low tide, salinity remains close to 0 psu at Valada. Further reducing the river flow, as simulated in scenario 5 (mean Tagus river flow of 8 m 3 /s), increases the salinity at all the stations and aggravates the consequences for both irrigation and water supply. Although different scenarios were analyzed, the results of the present study present similar trends to those obtained by [24] .
For the mean sea level rise scenario (scenario 6-SLR of 0.5 m and mean Tagus river flow of 22 m 3 /s), salinity is only slightly higher than the values observed for scenario 3 with the same river flow. Between these two scenarios, salinity differences are typically less than 1 psu and smaller when compared with the differences between the river flow scenarios. These results suggest that in short to medium term, the freshwater inflow is the main driver controlling the salinity in the upper reaches of the estuary. Considering the small sensitivity of salinity intrusion in the Tagus to SLR and that the SLR scenario analyzed can be considered a high-end estimate, no other scenarios of SLR were investigated.
In general, results show that the tidally-averaged salinities display a rising trend even after one month of simulations with constant river flows. This behavior shows that salinity intrusion in the upper estuary depends not only on the river flow alone but also on the duration of the droughts.
Water Availability for Irrigation
The tidal signal present in the salinity time series suggests that, under drought conditions, water should only be abstracted from the river at low tide to provide fresher water. A plot of the salinity versus water elevation ( Figure 10 ) confirms that the highest salinities occur close to high tide.
The exception is Risco River where the salinity exhibits minimal variations with the tide. At this station, salinity is similar to the minima observed at Conchoso at each tidal cycle (Figure 8 ). The small oscillations suggest that the same water mass sloshes back and forth, with small exchanges with the Tagus River. This water mass is relatively small, thus creating an alternative source for water irrigation in this area would not solve the water shortage problem during a drought. Indeed, estimating the volume of the Risco River at 1-4 × 10 6 m 3 and considering a pumping rate of 0.7 × 10 6 m 3 /day, this alternative pumping station would only provide adequate water for less than a week.
To assess the water availability for irrigation, the percentage of time per week during which the salinity of the abstracted water is adequate for irrigation was calculated for each river discharge scenario at Conchoso (Figure 11 ). Estimates were made considering the salinity threshold of 1 psu as acceptable for irrigation. Taking into account the maximum error in the model peak results discussed in Section 3.1, error bars are also presented for the salinity limit of 3 psu. Results show that salinity is always lower than 1 at Conchoso for scenario 1. For scenario S2, results suggest that there is always some water available for irrigation. For scenario 3, water is adequate for irrigation about 75%-100% of the time in the first two weeks, while for scenario 4 this occurs only in the first week. For the river discharge scenarios 3-5 the water is inadequate for irrigation by the fourth week. It should be noted that in the present simulations the uptake of water for irrigation was not considered in the model, which could contribute to increase the salinity and should be further explored.
acceptable for irrigation. Taking into account the maximum error in the model peak results discussed in section 3.1, error bars are also presented for the salinity limit of 3 psu. Results show that salinity is always lower than 1 at Conchoso for scenario 1. For scenario S2, results suggest that there is always some water available for irrigation. For scenario 3, water is adequate for irrigation about 75%-100% of the time in the first two weeks, while for scenario 4 this occurs only in the first week. For the river discharge scenarios 3-5 the water is inadequate for irrigation by the fourth week. It should be noted that in the present simulations the uptake of water for irrigation was not considered in the model, which could contribute to increase the salinity and should be further explored. Figure 10 . Relationship between the salinity and the tidal elevation for the river discharge scenarios: S1-climatological, S2-recent drought, S3-worst recent drought, S4-minimum river flow, and S5 -worst-case scenario. Figure 10 . Relationship between the salinity and the tidal elevation for the river discharge scenarios: S1-climatological, S2-recent drought, S3-worst recent drought, S4-minimum river flow, and S5 -worst-case scenario.
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These findings can support the management of the agricultural activities in the upper Tagus estuary and the adoption of adaptation measures during droughts. As mentioned above, during the 2005 drought, salinity reached concentrations that were inadequate for irrigation at both the Tagus and the Risco rivers and a temporary weir was built in the Sorraia River to route the freshwater available in this river. At that time, the farmers were not yet prepared to deal with the droughts and the losses in the crops were significant. The timely information about the river discharge and the insights about its influence on the salinity provided herein can support the timely adoption of adaptation measures by the farmers and reduce some of the negative consequences during droughts.
The results obtained herein can support the management of the water resources in the region. They show that the water management must also take into account the economic and ecological impacts downstream and provide insight about the releases of water from the dams. In the established scenarios the river discharge was considered constant during one-month. Variable river discharges should be explored in future research. Considering the uncertainty on the river discharge data available for the Tagus River, accurate river discharge data are also fundamental to appropriately support decision-making in the water resources management in this region.
Conclusions
A numerical model was used to assess the saltwater intrusion in the upper Tagus estuary for several scenarios of freshwater discharge and mean sea level rise.
The numerical assessment of the salinity dynamics indicates that the river discharge is the main driver of the salinity in the upper Tagus estuary. For the analyzed river discharge and mean sea level rise scenarios, salinity reaches concentrations that are inadequate for irrigation during some periods when the mean Tagus river discharge is similar or lower than the ones observed during recent droughts (22-44 m 3 /s). Lower river discharges aggravate the consequences. The duration of the droughts also increases the salinity in the upper Tagus estuary.
The results achieved can contribute to support the management of the water resources in the Tagus river basin and the agricultural activities in the upper Tagus estuary. In particular, they provide insight into the releases of water from dams and information that can support the farmers to adopt timely adaptation measures during low river discharge periods. Accurate estimates of the Figure 11 . Percentage of time per week during which the salinity of the abstracted water is adequate for irrigation for each river discharge scenario: S1-climatological, S2-recent drought, S3-worst recent drought, S4-minimum river flow, and S5-worst-case scenario.
The results achieved can contribute to support the management of the water resources in the Tagus river basin and the agricultural activities in the upper Tagus estuary. In particular, they provide insight into the releases of water from dams and information that can support the farmers to adopt timely adaptation measures during low river discharge periods. Accurate estimates of the Tagus river flow are fundamental to support the adequate management of the water resources in the region.
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The following are available online at http://www.mdpi.com/2076-3263/9/9/400/s1, Figure S1 : Spring/summer means and standard deviations of the tidal range at Cascais between 1991 and 2010, Figure S2 : Yearly and global means of the air temperature, atmospheric pressure and wind intensity at Cascais between 2018 and 2024. margins. These streamlines are divided into a user-defined number of cross-sections (NPS), equally spaced between the two consecutive cross-sections where bathymetric data are available. At the intersection between the streamlines and user-defined cross-sections, the bathymetry is interpolated linearly between the two endpoints. Finally, when all the points and their bathymetry are defined, a triangular grid is generated. This grid can then be used to interpolate the bathymetry for the model's computational grid. Figure A1 illustrates the application of the method in the upper reaches of the Tagus estuary, where cross-sectional data are available at about 2.5 km intervals. The interpolated bathymetry correctly predicts higher depths at the concave side of the meanders and shallower depths at the convex side. Also, the method is convergent with NL and NPS, and the results are smooth. If the linear interpolator is used, results are also bound between the limits imposed by the data. The downside of this approach is its inability to realistically deal with islands and major changes in cross-section that are not represented by the cross-sectional data. For instance, depths are expected to decrease when the river widens, so that the cross-section is approximately constant. These reductions of depth are not reproduced by the method (see the bathymetry between the two easternmost cross-sections in Figure A1 ).
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